ABSTRACT This paper was intended as an article of a practical solution. The settings of a ventilation system for a production line in a hard disk drive (HDD) factory were inappropriate leading to a condensation problem in a work area causing the finished products to be defective and unsalable. This paper describes an attempt to solve this problem and the outcome. Computational fluid dynamics (CFD) was used to simulate the airflow from a ventilation system in an HDD factory. The simulation results were validated with actual values measured with instruments readily available at the factory. The simulation results showed that the airflow patterns and temperature distribution of the air above and around some areas in the production line were not proper. The old temperature setting of the system for the air coming out of the inlet caused the temperature of the air above the said areas to be in the range of 13-20.5 • C, which was lower than the dew point temperature thus causing a condensation problem. From the results of the simulation, we recommended the factory to increase the inlet air temperature to be around 16.5-22 • C, so that the temperature of the air above and around the work areas would be higher than the dew point temperature and more uniform. The factory implemented our recommendation and found that it not only solved the problem satisfactorily but also saved the air-conditioning cost.
Hard disk drive (HDD) is a data storage device for computer. Each year, the largest proportion of HDDs imported to countries around the world is manufactured in Thailand, generating over 16,000 million US dollars of revenue for the country. HDD is composed of more than 2,000 pieces of small electronics parts. Each part needs to be fabricated under controlled humidity in a clean room virtually free of small particles. If any part is contaminated with microparticles or contains too much moisture, the HDD will not function properly and become unsalable.
A clean room in an HDD factory where various pieces of HDD production line machinery were installed had been built more than 20 years ago. Over the years, these machines were replaced with more modern ones for manufacturing more technologically advanced and higher capacity HDDs. The layout of these new machines in the clean room was different from the original layout, but the layout of the ventilation equipment (i.e., FFU, UPF, RTC, RTS) and the ventilation conditions have been kept strictly to the original because any changes to them might result in a worse-than-standard airflow and particle count which, consequently, might cause a large number of defective products as well as incalculable loss of business opportunity. Therefore, when a ventilation-related problem occurred, a stop-gap measure was devised to handle it. For example, an excessive particle contamination problem in a particular area was handled by using a vacuum cleaner to suck out those particles and an excessive humidity problem in a single area was handled by placing a dehumidifier in that area. This kind of measure was able to overcome the problem at hand but it could not remain a sustainable substitute for a long-term solution. To find the root cause of these problems, the engineers at the factory had once employed the computational fluid dynamics (CFD) to simulate airflow and find an effective way to deal with them, but the attempt was not successful-the simulated and measured airflow results were not in agreement, which might be due to their inexperience with CFD. Therefore, they came to the institute and asked for assistance, specifically requesting the author to validate CFD simulation results with actual measurements that could be done with the measuring instruments already available at the factory (so that the measurement procedures could be easily understood and performed by the technicians at the factory). This paper reported the author's attempt in his response to that request and the ensuing outcome.
CFD has been used to investigate airflow from ventilation systems in buildings and factories for over 50 years [1] . For example, it has been used to improve the airflow in an operating room in order to reduce the risk of surgical complication [2] [3] [4] [5] [6] . It has been used to assist in the design of the layout of rooms in residential and environmentally friendly buildings [7] [8] [9] [10] [11] [12] , aircraft cabins [13] , [14] and airlift reactor [15] in order to improve the air quality in it. Yan et al. [16] employed CFD to investigate heating, ventilation, and air-conditioning to achieve high energy saving for customized HVAC systems. Tung et al. [17] and Villafruela et al. [18] used CFD in the design of a ventilation system for a room to maintain good air quality no matter whether the door is open or closed. Their work was interesting because these conditions were more complicated than the typical conditions imposed in a regular CFD simulation. Mohammadshahi et al. [19] and Zhao et al. [20] used CFD for improving the ventilation of an environment in a way that took into account the heat transfer in and out of it in order to conserve energy. Hajdukiewicz et al. [21] proposed a useful methodology for using CFD to simulate the ventilation of an indoor environment that proved to be beneficial for many later research studies. CFD has been applied to problems in many industries. For example, it was successfully used to find a suitable air speed for a clean room ventilation system in an HDD factory in order to reduce particulate contamination on an HDD assembly machine [22] , [23] . It was also used to check the airflow and temperature in an HDD tester in order to reduce HDD test failure [24] . In addition, it was used in a process of airflow regulation in an industrial building [25] . Regarding moisture level and temperature in a building or an environment, there have been numerous research studies reporting that the air quality, comfort and energy conservation of an environment were highly affected by them. For example, Li et al. [26] , Kong and Wang [27] , Eldeeb et al. [28] and Matínez-Ibernón et al. [29] successfully improved the ventilation system of a building and controlled the level of moisture and temperature to suitable ones. All of these studies supported the use of CFD for improving and controlling a ventilation system to a suitable moisture level and temperature. This study has tremendously benefited from the information reported from all of the studies mentioned above.
The challenge of this study was that the object of the study was a real production line in a factory; hence, all of the environmental factors could affect the outcome. In order to make computational time manageable, we could not take into account all of them, we could only take into account those that directly and significantly affected the outcome. Moreover, in the production line, some areas were equipped with laminar hoods that produced laminar airflow which had not been taken into account in previous studies, i.e., the airflow pattern was too different from the ones under those studies. On top of that, we needed to use the real ambient conditions of the production line in our simulation in order to find out how water vapor condensed into droplets in some areas but not in others and in order to be able to formulate a solution for improving the ventilation system. However, these constraints and variability are the challenge of the study.
II. THEORETICAL BACKGROUND A. CONSERVATION EQUATIONS
Airflow pattern and temperature at every point in a space can be determined by solving a set of partial differential equations that consist of conservation equations and turbulence equations. The mass (1), momentum (2), and energy (3) conservation equations are shown below [22] , [32] ,
B. TURBULENCE EQUATIONS Several mathematical models incorporate turbulence equations for solving various types of engineering and physics problems-models such as k-ε family, k-ω family, transition k-k l -ω, and transition shear-stress transport (SST). The transition SST model was chosen for this study because of its perfect match to the nature of our problem and its wide acceptance by many HDD research laboratories and other industrial research laboratories [31] . The transition SST has 4 parameters: turbulence kinetic energy (k), specific dissipation rate (ω), intermittency (γ ), and transition momentum thickness Reynolds number (R eθ ) that have to be set properly. The full forms of the 4 equations containing these parameters can be found in [32] . The Fluent CFD software solves (1)- (3) together with the 4 equations mentioned above in a process to determine the airflow pattern and temperature.
C. MOMENTUM AND ENERGY SOURCE EQUATIONS
Normally, in a simulation of regular airflow pattern, air is simulated to flow into a fluid domain through inlets and out through outlets. Inside a fluid domain, there can be a source.
A source term can be added into the defining equations, for example, the S m term in (2) or the S h in (3), those are related to momentum and temperature, respectively. In this study, we represented the laminar flow hoods (LFHs) in the production line as a source instead of an inlet. We defined it as a source because of the following reasons: (1) the hoods sucked in the air above it and blew it out at a higher velocity as opposed to an inlet that the air flowed in freely across a boundary; (2) the air velocities coming into the hood were not uniform and the velocities of the laminar air flowing near the edges or the walls of the hoods were higher than those that flowed far away from them (as measured earlier on in this investigation).
The S m was defined as in (4) to simulate the LFHs as done in [30] ,
where V is the volume of an element. As theṁ term of the mass flow rate was fixed, the S m term increased as the velocity of the laminar airflow increased. As for the energy source term (S h ), the Fluent manual [30] , [32] did not show an equation explicitly. It only stated that, ''As S h was set higher than the default zero, the temperature of each element would be higher'' (S h = 300 caused the outflow air temperature from the hood to be around 0.5 • C higher than that of the inflow one which was in good agreement with the measured values). A user can specify the values of S m and S h to fit some particular conditions. These values were very important in this study. Setting them inappropriately could render the invalid simulation results. Choices of these values and calculation steps are explained in the pre-simulation section.
D. MASS FLOW RATE EQUATION
In the production line, there were several inlets and outlets. The values at the boundary of the inlets were set to mimic the real values measured at the factory. The inlet boundary equation was chosen to be the mass flow rate equation below,ṁ
where A is the cross-sectional area that the air flowed through. The outlet boundary values were calculated from the air speeds measured at the RTC, RTS, and pseudowalls at the factory. They were used to calculate ''outflow'', a Fluent software technical term which denoted the percentage of conserved air mass flowing through an outlet.
III. METHODOLOGY A. PRODUCTION LINE
Production line mentioned in this paper is in a big class 1,000 clean room in an HDD factory. In the line were various machineries as shown in the photo and shown as a solid model in Fig. 1 . Specifically, Machines 1 and 2 functioned as assemblers of small electronics parts into a head stack assembly (HSA) which is an essential part of an HDD. The desk is for a factory technician to place HSAs on and inspect them. An LFH was held in an aluminium frame. On the top was a set of fans producing laminar airflow that sucked in the air above it, passed the air through an air filter and blew high velocity laminar air down to the desk. The area between the LFHs and the desks was called the work area where the airflow needed to be strictly controlled. Fig. 2 shows a photo of the ventilation system for this production line. It consisted of 5 kinds of ventilation equipment: a) LFH, b) RTS on the wall behind the production line, and c) FFU, UPF and RTC mounted on the ceiling of the clean room. Air from the outside was sucked in and conditioned by the ventilation system then flowed out to the production line through the FFU and UPF. It left the line via RTS and RTC to the outside. Some of the air passed into and out of the LFHs. The air that passed through an LFH was filtered out of small particles. It also blew away any particles from the surrounding; hence the work area on the top of the desk was exceptionally free of particles that could contaminate the HSA under inspection. The air in the room then flowed out to the outside via RTS and RTC. It should be observed that the FFU and UPF functioned as inlets, the RTS and RTC functioned as outlets, and the LFHs functioned as sources in the fluid domain of the simulation. 
B. VENTILATION SYSTEM

C. PREVIOUS WORK
Prior to this study, the engineers at the factory had already attempted to use CFD to simulate the airflow around the production line. They used real ambient conditions in the factory in their simulation. They modeled the LFHs as a rectangular box as shown in Fig. 3 . Their simulation gave results that showed that the air from the ceiling would not flow through the LFHs but flow away along their sides while the laminar flow air would flow with uniform high velocities at most locations, as shown in Fig. 3a ) However, from an actual smoke visualization test, shown in Fig. 3b ) it was found that the air above the LFHs would be sucked into them and flowed out into the work area. They also found that the actual laminar air velocity at each different location was not the same while their simulation showed that they would be the same. Hence their simulation was not able to mimic the actual flow with sufficient accuracy. When the engineers discussed their attempt with the author, we pointed out to them that the LFHs had to be simulated as sources not inlets. They then asked the author to make a model and devise a validation procedure that could confirm that the simulation model could represent the airflow above and around the production line accurately enough for this purpose. They also required that any measurement procedures should employ only simple measuring instruments that were readily available at the factory so that the technicians there could perform measurements by themselves at that time and later on in the future.
D. PRE-SIMULATION
As mentioned in section of momentum and energy source equations, it was very important to set the values of S m and S h appropriately since the LFHs drastically changed the airflow pattern and velocities as well as the temperature of the air. These parameters depended on the size of each LFH and the airflow environment near it. There have been no reports in the literature that dealt with this issue; therefore, we conducted pre-simulation runs and varied these values. We hope that our work may benefit some researchers in their effort on this subject. The way we did the pre-simulation runs was as follows. First, we constructed a fluid model and a mesh model of the airflow environment above and around the LFHs, using the actual dimensions of each LFH. Over the LFH, an inlet was placed. The other four sides of the environment were set as outlets. We obtained the actual airflow parameters by taking a spare LFH and placing it in an environment comparably to the one in the production line. Next, we adjusted the velocity of the laminar air flow blowing out from the LFH which was equivalent to adjusting the S m value in the simulation and measured the air velocity coming down from the inlet on the ceiling 15 cm above the LFH and found it to be 0.5 m/s. We also measured the air velocities at three other points 15 cm below the LFH for the purpose of validating the simulation. The airflow conditions at the outlet were specified as follows: ''pressure gate = 0'', ''S h = 300 w/m 2 '', and various S m from 0.2-1.2 N/m 3 . Fig. 4 shows the results from a pre-simulation run. Fig. 4a) shows the velocity vectors of the air flowing through a plane at the middle part of the model for S m = 0.4 N/m 3 and Fig. 4b) shows a comparison between the air velocities along the z-axis from a pre-simulation run and those from actual measurements. It can be seen in the plot that they are comparable when S m = 0.4 N/m 3 . We found this kind of approximate values of S m for each LFH in the production line and divided all of them into 4 groups (LFHs 1-4) according to their corresponding S m found from the presimulation run, as shown in Fig. 5 . By this same procedure, we determined the S h value for each LFH. It was found that for every LFH, the temperature of the air above it and below it differed by only 0.5 • C; therefore, we assumed that an S h value of 300 W/m 2 was satisfactory. The cause of this increase in temperature could be attributed to heat radiation from operators and machines. When the directions of airflow in Fig. 4a ) was compared to those from smoke visualization test that the factory had already performed as shown in Fig. 3b ). They were close to each other, i.e., the air flowed down from the ceiling and most of it got sucked into the LFHs then flowed down and away from the LFHs. Therefore, it was concluded that our simulation was validated to be sufficiently accurate. 
E. SIMULATION AND VALIDATION
This section describes the procedures of our simulation up to the step where it yielded satisfactory results. In order to ensure that the simulation results would be valid, we went to the factory and collected the necessary data by ourselves. Then, we constructed a new solid model of the production line shown in Fig. 1 . Next, a fluid model shown in Fig. 5 was constructed. The dimensions and locations of the LFHs can be seen in the figure. Then, we simplified the simulation to reduce computational time by putting the LFHs into 4 groups according to their corresponding S m . These groups are shown the fluid model in Fig. 6 together with the locations of the FFU, UPF, RTC, and RTS. The volume of the air above and around the production line was 415 m 3 . Pseudowalls were defined to be imaginary walls between the air mass of the investigated area at the production line and the air masses of other adjacent areas to the production line. Air could flow through these pseudowalls freely. With these defined pseudowalls, a mesh model shown in Fig. 7 was constructed from the fluid model mentioned earlier. This mesh model was composed of hexahedron and tetrahedron meshes. The smallest mesh represented a space the size of 3 cm while the largest one represented a space the size of 10 cm. The growth rate was set to 1.15. In order to achieve more accurate results, the mesh sizes of the model near the inlets, outlets, and desk as well as around the LFHs and work areas were set to be smaller (higher resolution). Next, mesh analysis was performed and the model with 2.69 million nodes, 8.46 million elements, and 0.88 maximum skewness were chosen to be used further because it gave sufficiently accurate results while did not use excessive computational time.
Boundary conditions needed to be appropriately set in order for the simulation to become valid. The total mass flow rate was obtained from actual measurements at the factory. The ''outflow'' parameter required by Fluent software was calculated from the actual average air speeds measured at the RTC, RTS, and Pseudowalls. The momentum source (S m ) and energy source (S h ) of the LFHs were obtained as discussed in the pre-simulation section. The S h was set as 300 w/m 2 while the different S m for each LFH was set as a representative of each of the 4 LFH groups. Table 1 show all of the boundary conditions used in the simulation. The production line had an air change rate (ACH) of 60.97 h −1 . With an ACH of this value and the temperature of the inlet air as shown in the table, the radiation heat from workers and machines was negligible, so it was not taken into account. This simulation considered only the heat transfer that was the result of air flowing in and out of the ventilation system and the LFHs in the production line.
Other settings were as follows: accuracy of solution was set as double precision; pressure-velocity coupling was set to couple; spatial discretization of pressure, momentum, turbulent kinetic energy, and turbulent dissipation rate were set to be second order upwind. The other settings were set to default. With these settings, steady state solutions were computed until the solution converged.
To validate our simulation, we compared the simulated airflow directions data with those collected from the factory while the machines were operating. HDD production was not allowed to stop while the data were collected, hence a smoke visualization test had been out of the question since the steam or dry ice vapors might condense on the HSAs placed on the work area and ruin them. Therefore, we observed the airflow directions by noting the directions of orientation of very light, sewing threads attached to the surface of the machines at key locations. These threads were made of conductive polyester yarn that was only 60% as dense as an ordinary thread. They were normally used for testing electrostatic discharge (ESD). Fig. 8 shows the airflow velocity vectors in a plane at a side of an LFH in the production line. It can be observed that the orientations of the threads were in the same directions. Similarly, at the locations where the simulation showed a vortex, the thread was also blown in random directions like being blown in a real vortex. The sewing threads shown in the figure were drastically magnified for the purpose of clear illustration. The real threads were very small such that they couldn't be seen with naked eyes in the figure.
To validate air velocity and temperature, a hot-wire anemometer with an accuracy of ±0.03 m/s and ±0. the temperatures are shown in Figs. 9 and 10 , respectively. There were some slight mismatches which might come from 2 causes: first, we used a representative value of S m for each group of LFHs to facilitate the computation, but the actual S m value for each of the LFH in the group might be different by a small amount (less than 10%); and second, in the simulation we used an average mass flow rate for all of the FFUs and UPFs which in reality, each of them might have a little different mass flow rate. One thing that should be noted is that Fig. 10 shows that all of the simulated temperatures at each location were lower than their actual counterparts which might be because in the actual environment, there were heat sources such as the operators and the machines that were not taken into account in the simulation. However, all in all, this should not make the simulation invalid because all of the actual temperatures measured at various locations were not more than 0.5 • C higher than the simulated ones. They were well within the error bars. Since the simulated results and the measured results were found to match well, we concluded that our simulation was sufficiently reliable.
IV. RESULTS AND DISCUSSION
A. ASSESSMENT OF THE PERFORMANCE OF THE VENTILATION SYSTEM
We wanted to know whether the ventilation system performed up to the factory's standard of clean room, i.e., the average temperature should be uniformly 24 • C; the average relative humidity should be 65%; and the air velocity should be more than 0.2 m/s which would be capable of blowing away microparticles from the production line effectively. At the same time, the investigation should reveal why there were tiny droplets of water condensed on some HSAs in the work area.
Therefore, we conducted a simulation run and set the temperature of the air flowing out of the FFU to be 20.5 • C and UPF to be 13 • C which were the real measured values observed at the factory. As can be seen in Fig. 11 , the simulated airflow came out from the FFU and UPF into the production line, moved along to the LFHs into the work area, then moved out to the other areas exactly in the same manner as that observed at the actual production line, but only some parts of the air above flowed into the production line this way. Most parts did not flow through the production line but flowed out through the RTC right away and did not have a chance to mix with the air below to create a uniform temperature; that is, the air in the vertical planes above the work area flowed with different patterns. The layout of the ventilation equipment: FFU, RTC, RTS, LFH, and UPF affected these flows directly. Fig. 12 shows the areas with good quality airflow (at or over 0.2 m/s). The volume of the air above these areas was 223 m 3 or 53% of the total volume above and around the production line. Increasing the mass flow rate by increasing the speed of the air flowing out from the FFU and UPF would increase this effective volume of air, but since it was found from the simulation results which were confirmed by measurement that the air velocities above and around the work area was over 0.2 m/s already, it was useless to increase these speeds; it would only waste more energy. Considering this and a good match between the simulated airflow pattern above and around the work area and the actual flow pattern (Fig. 3b) ), we did not recommend changing the FFU and UPF air speeds.
The cause of water condensation was found from the simulated temperature distribution. Fig. 13 shows that the higher temperature mass of air from the FFU did not mix with the lower temperature one from the UPF. Masses of air should VOLUME 5, 2017 mix together well in order to get a uniform temperature distribution, especially in the work area (marked). It can be clearly seen that there were air masses above and around the work area that had substantially different temperatures from 13-20.5 • C. According to a work of Lawrence [33] , the relationship between relative humidity (R h ) and dew point temperature (T D ) is T D = T room -(100-R h )/5. This equation has been proven to be reliable when R h is higher than 50%. Hence, if the current conditions measured at the production line, T room = 24 • C and R h = 65% then T D = 17 • C. We thought that the cause of the water vapor condensation was when the mass of air with a temperature below T D blew over the work area, water vapor in the air condensed into tiny droplets in it. From both the simulation and the actual measurement, it was found that the temperature T in many locations in this area was lower than 17 • C, hence we concluded that the root cause of this ventilation problem was non-uniform air temperature which should be amended. 
B. REMEDIAL MEASURE
We thought that increasing the temperature of air flowing out the FFUs and UPF might solve the problem mentioned. Therefore, we conducted another simulation run with settings of T FFU = 22 • C and T UPF = 15 • C (this was according to the possible settings of the ventilation equipment) and found that the airflow pattern was still the same, but the temperature distribution changed by a little. Fig. 14 shows that above and around the work area, the temperatures of the air at each point were between 16.5-22 • C and their distribution was more uniform when compared to that shown in Fig. 13 . Adding to these the 0.5 • C increases from the operators and machines, the actual temperatures would be between 17-22.5 • C which were at or over the T D of this production line. Therefore, this increase in temperature should be able to make the air hold more water vapor and solve the condensation problem. To make sure, we conducted another simulation run confirming that the air mass above and around the production line had a temperature higher than 16.5 • C (dew point at 17 • C according to the equation of Lawrence [33] ). The run also showed that the volume of air with a temperature higher than 16.5 • C increased to 369 m 3 or 89% of the total volume instead of 272 m 3 or 66% in the production line at that time. Fig. 15a) shows the temperature distribution around and above the production line at that time and Fig. 15b) shows the improved distribution. Changing T FFU to 22 • C and T UPF to 15 • C would not only make the airflow above and around the production line comply to the standard better than the previous settings of T FFU at 20.5 • C and T UPF at 13 • C did but also save the air-conditioning energy and cost. The factory accepted this recommendation, implemented it, and found that the condensation problem was gone and yield was also increased. We also reported our methodology to the factory engineers so that they could use it to further improve the airflow above and around the production line.
One of the things that should be further improved is riddance of vortices. Our investigation showed that vortices formed at several locations in the production line as shown in Fig. 11 . Vortices should be avoided since they may collect particles generated from machines that may cause a particulate contamination problem. Another thing is that air masses did not mix well. They separated into groups or layers as shown in Fig. 13 . Above the production line, some of the air masses flowed out from the FFUs and UPF then flowed away through the outlet immediately. They should be flowing deeper into the production line. CFD can be used to find the appropriate settings for the ventilation system and the layout of the ventilation devices that could solve both of these problems and make the production line more efficient.
V. CONCLUSION
The production line of an HDD factory had a water droplet condensation problem in one of its work area rendering the fabricated parts unusable. We used CFD to simulate the flow and temperature distribution of the air above and around the production line with actual ventilation system settings and ambient conditions. To validate our simulation, we determined the actual airflow directions by observing the orientation of special sewing threads blown by the flow and measured the air velocities and temperatures with an anemometer then compared them with the simulation results. It was found that the simulated parameters and their corresponding actual measurements agreed well. The results showed that the used temperature settings of T FFU = 20.5 • C and T UPF = 13 • C caused vortices and non-uniform temperature distribution of the air above and around many areas, especially the work area. The range of air temperatures in the work area was between 13-20.5 • C which was the cause of condensation. We simulated the airflow again but changing the T FFU to 22 • C and T UPF to 15 • C and found that the temperatures of the air around the work area were more uniform with a range of 16.5-22 • C, so we recommended these ventilation conditions to the factory that implemented it and found that the problem can be solved.
